Glucocorticoids have been shown to play a role in the transforming abilities of human papillomaviruses (HPVs), and glucocorticoid response elements (GREs) have been identified in the upstream regulatory regions (URRs) of various HPV types. These findings have made glucocorticoids potential therapeutic targets for HPV infection. We have previously shown that the URR of HPV type 31 (HPV31) is insensitive to induction by the synthetic glucocorticoid dexamethasone (dex) in monolayer culture, despite the identification of three potential GREs in the 5 region of the URR. Due to the fact that the HPV life cycle is intimately linked to the differentiation of the host tissue, we chose to determine whether the URR of HPV31 was inducible by dex under differentiating conditions. Upon suspension of cells in a semisolid medium of methylcellulose, we found that the URR of HPV31 was inducible by dex. The three GREs appear to play roles as independent repressors of this inducibility. By 5 deletion analysis, the element(s) responsible for this induction was localized to nucleotides (nt) 7238 to 7557. Furthermore, we found that the region between nt 7883 and 7900 appears to act as a repressor of dex inducibility. These findings indicate that epithelial differentiation has a profound effect on the action of dex on the URR of HPV31, suggesting that glucocorticoids play an important role in the differentiation-dependent life cycle of HPV.
Human papillomavirus (HPV) comprises a group of over 100 types of small, double-stranded DNA viruses that infect differentiating squamous epithelium. HPV infection is thought to occur primarily through microabrasions in the epithelium, upon which HPV DNA is maintained in the basal cells of the epithelium as extrachromosomal episomes. Viral early-gene expression is controlled by promoter and enhancer elements located in the upstream regulatory region (URR) of the genome (21) . Early viral genes E1 and E2 regulate viral DNA replication, which occurs along with cellular DNA replication in the mitotically active basal cells (27, 45) . Expression of the late viral genes occurs as HPV-infected cells migrate up through the epithelium and undergo a complex program of differentiation (7, 17, 35) .
The life cycle of HPV is tightly linked to the differentiation of the epithelium it infects (41) . In undifferentiated keratinocytes, viral DNA is maintained at low copy numbers and viral gene expression is limited (9) . Upon epithelial differentiation, viral DNA is amplified to over 1,000 copies per cell and an increase in viral gene expression is observed. While the majority of early viral genes are expressed in both undifferentiated and differentiated epithelial cells, expression of the late genes occurs only in the terminally differentiated layers of the epithelium (23) . These differentiation-dependent events occur in preparation for virion morphogenesis. Late-gene expression is controlled by a differentiation-dependent promoter; in HPV31, it is p742 (22) , and in HPV16, it is p670 (20) . Both p742 promoter activity and late-gene expression have been shown to be upregulated in differentiating organotypic (raft) cultures compared with what occurs in monolayers of the CIN612-9E (9E) cell line (35, 36) . This cell line is a clonal isolate of a cervical intraepithelial neoplasia grade I lesion that maintains episomal copies of HPV type 31b (HPV31b) (7) and has been shown to produce infectious virus in raft cultures (32) . Cellular transcription factors have been shown to modulate the activity of the early viral promoter by binding to cis elements in the URR. Changes in the expressions of viral genes upon epithelial differentiation can be explained in part by differences in the expressions and activities of these cellular factors. Numerous studies have demonstrated that changes in viral gene expression upon differentiation are strongly influenced by the levels and activities of cellular transcription factors and that this influence is mediated by the binding, or lack thereof, to the viral URR (1) .
The dependence of a productive HPV infection on epithelial differentiation has caused difficulties in the study of the complete HPV life cycle in vitro. Advances in the organotypic (raft) culture system have allowed for the growth of differentiating epithelium in vitro and have made it possible to provide all of the factors necessary for the complete viral life cycle (10, 32, 33, 35) . However, preparation of raft cultures can be time consuming, requiring up to 12 days in culture prior to analysis of late viral events, which can limit the rapid analysis of multiple constructs. Suspension of epithelial cells in a semisolid medium of methylcellulose has been shown to allow for the rapid induction of differentiation in only 48 h (16, 24) . HPV31-positive epithelial cells have been shown to express the differentiation markers involucrin and transglutaminase after suspension in methylcellulose as well as to express transcripts from p742, although no capsid proteins have been detected in this system (38) . Therefore, suspension in methylcellulose is a convenient system for use in a quick analysis of the effect of differentiation on a variety of life cycle events, even though it cannot facilitate the final steps of the viral life cycle.
In addition to the other transcription factors mentioned, glucocorticoids have been shown to affect viral early-gene expression and promoter activity by binding to glucocorticoid response elements (GREs) in the URR (12, 14, 19, 30) . Bromberg-White and Meyers have previously shown that the URR of HPV31 is not inducible by the synthetic glucocorticoid dexamethasone (dex) in monolayer culture (10) . In the present study, we demonstrate that suspension of the HPV31b-positive 9E cell line in the semisolid medium methylcellulose results in a dex-inducible activation of a luciferase promoter construct driven by the URR of HPV31 that was not seen in monolayer culture. The three GREs we identified by sequence analysis and their ability to bind the glucocorticoid receptor (GR) in the URR of HPV31 do not appear to be responsible for this inducibility. However, loss of all three GREs resulted in an increase in the induction, suggesting that each of the three GREs acts as a repressor of glucocorticoid action. By 5Ј deletion analysis, we localized the element(s) responsible for the dex inducibility of the URR of HPV31 to nucleotides (nt) 7238 to 7557. Furthermore, replacement of wild-type sequences between nt 7883 and 7900 by linker scanning mutagenesis resulted in an increased dex inducibility. Taken together, these results show that differentiation has a profound effect on the action of dex on the URR of HPV31, suggesting that glucocorticoids may play an important role in the differentiation-dependent life cycle of HPV.
MATERIALS AND METHODS
Cell culture. The 9E cell line is a clonal isolate derived from a cervical intraepithelial neoplasia grade I lesion that maintains 50 episomal copies of HPV31b per cell (7) . Primary human foreskin keratinocyte (HFK) cultures were derived from newborn foreskin via trypsin digestion at 37°C (38) . 9E cells were grown in E medium in the presence of mitomycin-C-treated J2 fibroblasts as previously described (7, 31, 32) . HFK cells were maintained in KGM-2 (BioWhittaker, Walkersville, Md.). Deficient E medium was used to culture 9E cells for transfection experiments as described previously (10) .
Plasmid constructs. The full-length URR of HPV31 or HPV18 was cloned into the pGL2-Basic luciferase reporter vector as described previously (10, 40) . All other constructs were created as described previously (10, 40) .
Transfection and luciferase assay. For monolayer studies, 9E cells were transfected as previously described (10) . HFK cells were seeded at a density of 2 ϫ 10 5 cells per 35-mm-diameter dish in KGM-2. Twelve hours later, cells were transfected by using Lipofectamine PLUS (Invitrogen-Life Technologies, Carlsbad, Calif.). Each well was transfected in KGM-2 with 1 g of experimental construct, 6 l of PLUS reagent, and 4 l of Lipofectamine for 3 h. The transfection solution was replaced with fresh KGM-2 that contained either 0.1% ethyl alcohol (vehicle) or 10 Ϫ6 M dex. After transfection, monolayer cells were incubated for 48 h at 37°C in an atmosphere of 5% CO 2 . For differentiation studies, 9E or HFK cells were seeded at a density of 8 ϫ 10 5 cells per 100-mm-diameter dish. 9E cells were first seeded in deficient E medium (which contains no hydrocortisone or phenol red and is supplemented with dextran-coated, charcoal-stripped serum) for 3 h, at which point the medium was switched to KGM-2. HFK cells were seeded and maintained in KGM-2 for the duration of the transfection. At 12 h (9E) or 16 h (HFK) postseeding, cells were transfected in KGM-2 with 4 g of experimental construct, 20 l of PLUS reagent, and 30 l of Lipofectamine per 100-mm-diameter dish. After a 3-h incubation, cells were trypsinized, pelleted, and resuspended in 0.5 ml of deficient E medium. Cells were then suspended in 15 ml of 1.6% methylcellulose and treated with vehicle or 10 Ϫ6 M dex. Methylcellulose was prepared exactly as described previously, using Deficient E medium (38, 40) . After a 48-h incubation, cells in methylcellulose were recovered by three rounds of washes in phosphate-buffered saline. Luciferase lysates of all transfections were prepared using passive lysis buffer (Promega Corp., Madison, Wis.). Luciferase assays were performed by using the Luciferase Assay System (Promega) with a Turner Designs TD 20/20 luminometer as recommended by the manufacturer. For methylcellulose experiments, luciferase lysates were normalized to total protein by the Bradford assay by using a protein assay dye reagent (Bio-Rad Laboratories, Hercules, Calif.).
Nuclear-extract preparation and EMSA. Nuclear extracts from 9E cells were prepared as described previously (26) . Briefly, 2 ϫ 10 6 cells were suspended in 400 l of buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride). The cells were allowed to swell on ice for 20 min, after which 25 l of IGEPAL CA-630 (Sigma) was added, followed by vigorous mixing for 20 s. Following centrifugation for 30 s, the pellet was recovered and resuspended in buffer B (20 mM HEPES [pH 7.9], 400 mM KCl, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride), shaken at 4°C for 30 min, and centrifuged for 5 min at 4°C. The supernatants were recovered, and protein concentration was measured by using a BC protein assay kit (Pierce, Rockford, Ill.). Blunt-ended, double-stranded oligonucleotides were end labeled using [␥ 32 -P]ATP and T4 polynucleotide kinase as previously described (10) . Competition electrophoretic mobility shift assays (EMSA) were performed by incubating 10 g of nuclear extract with 2 g of poly(dI-dC) (Pharmacia, Kalamazoo, Mich.) in the presence or absence of a 100-fold excess of unlabeled homologous oligonucleotide or oligonucleotide corresponding to the consensus GRE (GREc) sequence for 20 min at room temperature in a 20-l reaction volume containing 5% glycerol, 150 mM KCl, 0.5 mM EDTA, and 0.5 mM dithiothreitol. Following incubation, 0.75 ng of 32 Plabeled oligonucleotide probe was added to the reaction, followed by incubation at room temperature for an additional 30 min. The DNA-protein complexes were separated from free probe by electrophoresis on a 6% Tris-glycine-EDTA polyacrylamide gel (acrylamide to bisacrylamide, 37.5:1) at 200 V at 4°C. Gels were dried at 80°C for 2 h and subjected to autoradiography.
RESULTS

HPV31 URR is inducible by dex in methylcellulose.
It has previously been shown that the URR of HPV31 was insensitive to induction by dex in monolayer 9E culture (10) compared with the URR of HPV18, which has been shown previously to contain a functional GRE (12, 14, 30) . Because the life cycle of HPV is intimately linked to the differentiation of the epithelium it infects, we were interested in determining whether the URR of HPV31 was inducible by dex in a differentiating system. Therefore, we chose to analyze the induction of transcriptional activity of the URR of HPV31 by dex in a semisolid medium, methylcellulose. Suspension in methylcellulose provides a simplified system for differentiation of epithelial cells in a shorter time frame than that with the organotypic (raft) culture system (16, 24) . While the growth of raft cultures is necessary in order to obtain the complete viral life cycle, including infectious-virus production, cells suspended in methylcellulose are able to undergo a variety of differentiation-dependent late events of the viral life cycle, including viral-genome amplification and late-gene transcript expression (38) . To determine if cells suspended in methylcellulose are in fact undergoing differentiation, differentiation-specific cell markers are commonly analyzed (15, 32, 38, 40) . We have previously shown that the 9E cells are able to differentiate when suspended in methylcellulose, as evidenced by an increase in the expression of the differentiation markers K10 and involucrin (40) .
We wanted to determine whether suspension of these cells in methylcellulose would alter the dex inducibility of the wild-type HPV31 URR construct, pGL2-31URR. It has previously been shown that this construct is insensitive to glucocorticoid induction in monolayer culture (10) . Following transfection and suspension in methylcellulose, analysis of luciferase activity showed that the URR of HPV31 was induced approximately threefold after treatment with dex compared with what was seen with vehicle treatment (Fig. 1) . Surprisingly, loss of any of the GREs by linker scanning mutagenesis had little effect on this induction, with the exception of the triple linker scanning mutant (LSM) p31LSMGRE1,2,3, which showed a marked increase (eightfold) in dex induction compared with that of the wild-type construct (Fig. 1A) . These data suggest that each of the three GREs acts as a repressor of dex inducibility of the HPV31 URR.
As previous studies have shown (10, 12, 30) , the URR of HPV18 is inducible by dex in monolayer 9E culture. Therefore, we analyzed the effect of suspension in methylcellulose on this inducibility. As shown in Fig. 1A , the wild-type URR of HPV18, pGL2-18URR, was inducible by dex in methylcellulose, as is the GRE LSM p18LSMGRE and the subtle GRE mutant 18URR-C7843A, although the dex inducibility of these GRE mutants in monolayer culture was reduced by 60% (10) . These data suggest that the URR of HPV18 contains another GRE and that differentiation may result in stronger induction by this element.
An element within nt 7238 to 7557 is responsible for dex inducibility of the HPV31 URR. As shown in Fig. 1 , the URR of HPV31 is inducible by dex in methylcellulose suspension. Surprisingly, none of the three GREs we identified appear to be responsible for this induction. Therefore, to localize the region conferring dex inducibility, we utilized 5Ј deletions of the HPV31 URR whereby the URR of HPV31 was 5Ј truncated to nt 7238 (p31URR⌬6921-7238), nt 7557 (p31URR⌬6921-7557), and nt 7799 (p31URR⌬6921-7799) ( Fig. 2A) . After transfection of these constructs into 9E cells and suspension in methylcellulose, we found that the induction of activity of the URR of HPV31 by dex was lost with construct p31URR⌬6921-7557 (Fig. 2B ). This indicates that the element(s) responsible for the dex induction seen with the fulllength URR either lies between nt 7238 and 7557 or spans the nt 7557 deletion junction. The locations of GRE2 and GRE3 in this region ( Fig. 2A) point to either or both of these sites as the explanation for the loss of dex inducibility. However, linker scanning mutagenesis demonstrated that loss of either or both of these GREs had no effect on the dex induction within the context of the whole URR (Fig. 1) , suggesting that another cis regulatory element in this region is responsible. Other cis elements in this region include two AP1 sites and E2 binding site no. 1 (E2BS1) (26, 38) . As AP1 is a known antagonist of GR action (25, 39, 47) and as there is no evidence that E2 or E2 binding sites play a role in glucocorticoid action, it seemed plausible to believe that an unidentified site in this region is responsible for dex inducibility of the URR of HPV31 under differentiating conditions.
To determine what element or elements were responsible for differentiation-dependent dex induction in methylcellulose within nt 7238 to 7557, LSMs encompassing this region were utilized. Sen Fig. 3 , we found that mutants A14 (nt 7242 to 7259) and B1 (nt 7260 to 7278) resulted in a loss of dex inducibility, suggesting that the element responsible is contained within this region. Surprisingly, GRE2, which was previously identified by sequence analysis, overlaps this region of the URR ( Fig. 2A ) (10) . However, linker scanning mutagenesis of this GRE did not result in a loss of dex inducibility upon suspension in methylcellulose (Fig. 1) , indicating that other elements in this region are responsible. Interestingly, we also found that mutants B5 (nt 7332 to 7349), B10 (nt 7458 to 7475), and C3 (nt 7548 to 7565) resulted in a Numbering of mutants has been described previously (40) . All constructs were transfected into 9E cells, suspended in methylcellulose, and treated with 10 Ϫ6 M dex. Relative luciferase activity is expressed as a change in activity (n-fold) over that of pGL2-31URR under vehicle conditions, which was set to 1. Asterisks over mutants A14 and B1 denote no change between vehicle and dex treatments. Luciferase values were normalized to total protein, and all experiments were performed in triplicate. Error bars indicate SD. strong upregulation of dex induction of the URR of HPV31 (Fig. 3) , suggesting the presence of repressors of dex induction in this region.
Region between nt 7883 and 7900 acts as a repressor of dex action. We had previously constructed an LSM in a 3Ј location of the URR of HPV31 (nt 7883 to 7900) that corresponds to the location of the HPV18 GRE in the HPV18 URR (10). This construct, 31URR-3ЈLSM, was created in part to understand why the URR of HPV31 was not inducible by dex in 9E monolayer cultures. It has previously been shown that the basal activity and dex inducibility of 31URR-3ЈLSM were identical to those of the wild-type pGL2-31URR construct in 9E monolayer cultures (10) . However, we discovered that the induction of the URR of HPV31 by dex in methylcellulose was further upregulated by this linker scanning mutation over that of the wild-type construct, suggesting that the region between nt 7883 and 7900 is acting as a repressor of dex function in a differentiating system (Fig. 4) . Surprisingly, replacement of this region with the GRE of HPV18 resulted in a loss of dex induction (Fig. 4) , even though this region in the URR of HPV31 corresponds to the location of the HPV18 GRE in the URR of HPV18. These data indicate that the GRE of HPV18 acts as a repressor in the URR of HPV31 in methylcellulose when placed in the URR of HPV31 in a location corresponding to its location in HPV18 URR. Loss of all three GREs in the 5Ј region of the URR of HPV31 by linker scanning mutagenesis did not result in a recovery of dex inducibility (Fig. 4) , indicating that these three sites were not acting as repressors of possible dex action by the HPV18 GRE in the 3Ј region of the HPV31 URR.
HPV31 URR is not dex inducible in HFK cells. All experiments to this point have been performed with the 9E cell line, which contains episomally maintained HPV31b. During epithelial differentiation, viral genes, including E1 and E2 (36) and the late genes L1 and L2 (23) , are upregulated. Therefore, it is possible that differentiation-dependent glucocorticoid inducibility of the URR of HPV31 is due to changes in viral gene expression. To determine whether viral gene products play a role in the differentiation-dependent dex inducibility of the URR of HPV31, we next performed transfection experiments using primary HFK cells derived from newborn foreskin. In monolayer culture, as a positive control, we found that the URR of HPV18 was inducible by dex treatment by a factor of fourfold, with a 75% loss in this induction upon loss of the characterized GRE (Fig. 5A) (12, 14) . Neither the wild-type URR of HPV31 nor the triple GRE LSM construct were affected by dex treatment. These results are identical to what has previously been seen in 9E monolayer experiments (10) .   FIG. 4 . The dex inducibility of various HPV31 URR constructs: pGL2-31URR, wild-type HPV31 URR construct; 31URR-3ЈLSM, nt 7883 to 7900 removed by linker scanning mutagenesis; p31LSMGRE1,2,3-3ЈLSM, linker scanning mutagenesis of all three HPV31 GREs in the region with nt 7883 to 7900 removed by linker scanning mutagenesis; 31URR-3ЈLSM(18GRE), LSM of 31URR-3ЈLSM replaced with the GRE of HPV18; p31LSMGRE1,2,3-3ЈLSM(18GRE), linker scanning mutagenesis of the three HPV31 GREs in the 5Ј region of the URR in the context of p31-3ЈLSM(18GRE). All constructs were transfected into 9E cells, suspended in methylcellulose, and treated with 10 Ϫ6 M dex. Relative luciferase activity is expressed as a change in activity (n-fold) over that of pGL2-31URR under vehicle conditions, which was set to 1. Luciferase values were normalized to total protein, and all experiments were performed in triplicate. Error bars indicate SD.
FIG. 5.
The dex inducibilities of the wild-type HPV31 URR (pGL2-31URR), the triple GRE LSM of HPV31 (p31LSMGRE1,2,3), the wild-type HPV18 URR (pGL2-18URR), and the GRE LSM of HPV18 (p18LSMGRE) in HFK monolayer cultures (A) or methylcellulose cultures (B). HFK cells were transfected with each construct and treated with 10 Ϫ6 M dex. Relative luciferase activity is expressed as a change in activity (n-fold) over that of pGL2-31URR under vehicle conditions, which was set to 1. Luciferase values were normalized to total protein, and all experiments were performed in triplicate. Error bars indicate SD.
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Upon suspension of transfected cell in methylcellulose, we found that the URR of HPV18 was only weakly inducible by dex and that the URR of HPV31 was not inducible at all (Fig.  5B ). This is in direct contrast to what was seen with 9E cells, where the URR of HPV18 and the URR of HPV31 were inducible by dex ( Fig. 1 and 2 ). Furthermore, we also noted that the triple LSM GRE construct of HPV31 and the LSM GRE construct of HPV18 were not strongly inducible by dex in HFK methylcellulose cultures (Fig. 5B ). These differences between 9E and HFK cells suggest that one or more viral factors plays a role in the differentiationdependent inducibility of the URR of HPV31 and HPV18. To determine whether the URRs of HPV31 and HPV18 behave differently in the different cell types, we compared the basal activities of the wild-type HPV31 URR (pGL2-31URR) and HPV18 URR (pGL2-18URR) constructs in monolayer and methylcellulose cultures (Fig. 6) . We found that the basal activities of the URR of HPV18 were nearly identical between monolayer and methylcellulose conditions in the two cell lines, suggesting that differences in dex inducibility of the URR of HPV18 is not due to basal activity differences between culturing conditions. Furthermore, we found that while the basal activities of the URR of HPV31 were similar in monolayer culture between the two cell lines, the basal activity was more than twofold higher in HFK cells than in 9E cells in methylcellulose cultures (Fig. 6 ). These data suggest that the lack of dex induction of the URR of HPV31 in HFK methylcellulose cultures may not be due to a lack of viral factors but may be due to the inability of dex to induce HPV31 URR activity, as this activity is already induced by an unknown factor(s).
Competition EMSA analysis indicates changes in DNA-protein interactions in undifferentiated and differentiated conditions. We had previously discovered that regions A14 and B1, which are contained within nt 7238 to 7557, appeared to be responsible for dex inducibility of the URR of HPV31 in differentiating cultures (Fig. 3) . Although GRE2 overlaps these regions, we determined by linker scanning mutagenesis that GRE2 is not responsible for this differentiation-dependent dex inducibility (Fig. 1) . Analysis of the sequences of these regions identified two potential GRE half sites compared to the GREc (Fig. 7A) : one residing in region A14 and one residing in region B1 (Fig. 7B) . Therefore, we chose to analyze the binding abilities of regions A14 and B1, as well as of B2, B3, B4, and B5, which are all contained within the region we identified as having GRE-induced activity, in both undifferentiated (monolayer) conditions and differentiated (methylcellulose) conditions. Each region was used as a probe in binding reactions with 9E nuclear extracts from both monolayer and methylcellulose cultures. Furthermore, we analyzed the specificity of binding utilizing both the homologous oligonucleotide as well as the GREc oligonucleotide as cold competitors. As shown in Fig. 8 , we saw formation of a complex bound to all regions in undifferentiated conditions (Fig. 8, lanes 2, 6, 10, 14,  18, and 22) . While the homologous cold competitor was able to compete away this complex for all regions (Fig. 8, lanes 3, 7, 11 , 15, 19, and 23), GREc as cold competitor was unable to clearly compete away the complex and had no effect on complex formation with region A14 (Fig. 8, lanes 4, 8, 12 , 16, 20, and 24). These data suggest that the GR does not directly bind these regions of the URR of HPV31 but may cooperatively bind with other factors. In differentiating conditions, complexes formed with regions A14 and B3 were not affected by the consensus cold competitor, GREc (Fig. 8, lanes 28 and 40) . FIG. 6 . Comparison of the basal activities of the URRs of HPV31 and HPV18 in monolayer and methylcellulose culture conditions in 9E and HFK cells. Wild-type HPV31 URR (pGL2-31URR) or HPV18 URR (pGL2-18URR) was transfected into 9E or HFK monolayer (white columns) or methylcellulose (black columns) cultures and assayed for luciferase activity. Methylcellulose luciferase values were normalized to total protein. Relative luciferase activity is expressed as a change in activity (n-fold) over that of pGL2-31URR in 9E monolayer cultures, which was set to 1. All experiments were performed in triplicate, and error bars indicate SD. FIG. 7 . Analysis of the dexamethasone-inducible region of the URR of HPV31. Shown are the GREc sequence, which consists of 6-bp imperfect palindromes separated by 3 nt (A); nt 7242 to 7277, consisting of LSMs A14 and B1, each of which is necessary for the differentiation-dependent induction of the URR of HPV31 (also indicated is GRE2, which overlaps A14 and B1) (B); and the proposed model for dex inducibility by A14 and B1 GRE half sites (C).
Furthermore, we found that the complexes formed with regions B4 and B5 were completely blocked in differentiated conditions (Fig. 8 , compare lanes 18 and 42 for B4 and lanes 22 and 46 for B5). Taken together, these data indicate that while differentiation does affect binding of factors to the regions analyzed in the URR of HPV31, GR and, specifically, GREs do not appear to directly play a role in the regulation of these regions.
DISCUSSION
In this report, we have shown that the URR of HPV31 is inducible by the synthetic glucocorticoid dex in differentiating keratinocytes. This is in direct contrast to what occurs in nondifferentiating keratinocytes, where dex treatment had no effect on the transcriptional activity of the URR. As the life cycle of HPV is tightly linked to the differentiation of the host tissue, these studies suggest that glucocorticoids play an important role in the differentiation-dependent life cycle of HPV.
The findings presented here further indicate the differences between the URRs of different HPV types. The URR of HPV18, which has previously been shown by others to contain a functional GRE, was inducible by dex in both monolayer and methylcellulose cultures in both 9E and HFK cells, while the URR of HPV31 was only inducible in methylcellulose cultures in 9E cells. Since the URR contains numerous cis elements for the binding of both viral and cellular transcription factors, these findings implicate the binding activity and/or the endogenous levels of these factors as being responsible for the differences observed. In fact, changes in both the expression and binding activity upon differentiation of various transcription factors, including AP1 (48), YY1 (1), Sp1 (4, 48) , and CDP (2), have been demonstrated by others. Therefore, it seems plausible to suggest that the URR of HPV31 is inducible by dex in a differentiating system and not in an undifferentiated system because of these changes. As the URR of HPV31 is not inducible by dex in HFK cells (Fig. 5 ), it appears that viral factors may also play a role. Why the URR of HPV18 is not similarly affected is unclear, although differences in binding sites and binding affinities of transcription factors are logical explanations. CDP may be the factor to focus on, as it has been shown to be downregulated in differentiated keratinocytes, thereby relieving repression on the URR (1). CDP has also been shown to repress the dex-inducible transcription of the mouse mammary tumor virus long terminal repeat, which is a well-characterized dex-inducible enhancer (49) . Therefore, it is possible that the URR of HPV31 is more sensitive to CDP repression than the URR of HPV18, so that CDP represses dex activity on the URR of HPV31 in monolayer culture but not that on the HPV18 URR.
A portion of the URR of HPV31, nt 7238 to 7557, appears to contain one or more elements that are responsible for the dex inducibility seen in methylcellulose cultures (Fig. 2) . While two GREs that we identified by sequence analysis are located in this region, these elements do not appear to play a role in this inducibility, as dex induction was not lost upon mutations of these two GRE sites (Fig. 1) . Utilizing LSMs encompassing this region, we were able to determine that nt 7242 to 7259 (mutant A14) and nt 7260 to 7277 (mutant B1) were both required for this induction (Fig. 3) . Surprisingly, GRE2 is contained in this region (nt 7254 to 7268) ( Fig. 2A) (10) . However, we showed that this GRE is not responsible for dex induction, as specific mutagenesis of this GRE failed to abolish dex induction of the URR of HPV31 (Fig. 1) . Sequence analysis of this region revealed two potential GRE half sites compared to the GREc sequence (Fig. 7A) , one 5Ј of GRE2 (and contained in the A14 region) and one 3Ј of GRE2 (and contained in the B1 region) (Fig. 7B) . A functional GRE is most commonly arranged as a 15-bp incomplete palindrome separated by a 3-bp spacer (Fig. 7A) (6, 42 GREs (18) , directly repeating half sites (13) , and variable spacing of half sites (44) . Furthermore, studies have shown that the rotational positioning of a GRE in a nucleosome is critical for its accessibility (28) and that GR binding to the GRE induces DNA bending (37) . We have found that DNA bending of the URR of HPV31 in the region containing A14 and B1 could result in the creation of a complete GRE similar to the GREc (Fig. 7C ).
We were surprised to find that loss of nt 7883 to 7900 by linker scanning mutagenesis led to an increased induction of the URR of HPV31 by dex in differentiating cells (Fig. 4) . This region in the URR of HPV31 corresponds to the location of the GRE in the URR of HPV18. Sequence analysis of this region identified a weakly consensus GRE (7 of 12 nt consensus) as well as an overlapping, perfectly consensus GRE half site (nt 7898 to 7903). Whether GR can bind any of these sites is unknown. We also identified a potential STAT5 binding site in this region of the URR. STATs (signal transducers and activators of transcription) are a family of transcription factors that are activated by cytokines such as interleukin-2 (8), interleukin-6 (43), and alpha interferon (29) . This activation can result in either positive or negative regulation of glucocorticoid-induced transcription, the outcome of which is dependent on promoter context and cell type (8) . It is possible that STAT5 may bind this region of the URR and repress dex activity. The context of the URR in this region appears to be important, as placement of the HPV18 GRE in this location results in a repression of dex induction (Fig. 4) . This result was not expected, as nt 7883 to 7900 in the URR of HPV31 correspond to the native location of the HPV18 GRE in the URR of HPV18. The fact that the HPV18 GRE acts as a positive regulator of dex inducibility in the URR of HPV18 and a negative regulator in the URR of HPV31 suggests differences in the overall context of the URRs of these two viral types.
The URR of HPV31 was not inducible by dex in HFK cells either in monolayer or methylcellulose cultures (Fig. 5) . It is possible that viral gene products are necessary for this induction, as the URR is inducible in 9E methylcellulose cultures, which contain endogenous HPV31b and express early viral genes. E7 has been shown to act as a transcriptional activator (50) and can complex with AP1 factors such as c-jun, Jun B, and Jun D and can transactivate c-jun-induced transcription (3). As AP1 is a well-known antagonist of GR action, it seemed unlikely that E7 could cause induction of dex action. The viral protein E2 could be important in glucocorticoid-dependent activation of the URR of HPV31, as an E2 binding site is located in the region of the URR responsible for dex inducibility ( Fig. 2A) .
Analysis of protein binding to regions A14 and B1, as well as regions B2, B3, B4, and B5, indicated that the GR did not directly bind these regions, as the GREc sequence did not clearly compete away the bound complex (Fig. 8) , suggesting that GR either (i) cooperatively binds these regions, resulting in the strengthening of binding of a second transcription factor, or (ii) strengthens the binding of another factor but does not itself bind these regions. Studies have shown that induction of the mouse mammary tumor virus MMTV promoter by glucocorticoids requires functional synergism between GR and nuclear factor 1, with simultaneous occupancy of the promoter binding sites for these factors (5) . In addition, hormonal induction of the MMTV promoter requires binding of other transcription factors to adjacent promoter sequences in addition to the binding of hormone receptors to their binding sites (11) . Others have shown cooperative transactivation of genes such as ␤-casein by STAT5, CCAAT/enhancer binding protein ␤ (C/EBP␤), and GR, with this cooperativity lost in the absence of GR (46) , as well as transcriptional cooperativity of the whey acidic protein by NF1, STAT5, and GR (34) . The present study suggests that regions in the URR of HPV31 within nt 7238 to 7557, especially regions A14 and B1, are involved in GR-mediated cooperative transactivation, as loss of these regions by linker scanning mutagenesis results in loss of glucocorticoid-dependent activation (Fig. 3) , without any direct involvement of GR binding to these regions (Fig. 8) .
In conclusion, the URR of HPV31 has been shown to be inducible by the glucocorticoid dex in a differentiating system. From these findings, it is clear that there is a complex interplay of negative and positive factors on the URR of HPV. Furthermore, we have shown that glucocorticoid-dependent activation of the URR of HPV is a complex process and is not the same between different HPV types.
